Introduction
The world seaborne trade has been growing in the last decades [1] and there is ever more motivation for reducing the pollution from large ships. Currently, international regulations on emissions of CO 2 (and energy efficiency) and oxides of sulphur and nitrogen (SOx and NOx) are changing towards stricter limits [1] . An important focus area in the efforts to reduce these emissions is waste heat recovery (WHR) systems. WHR systems are designed to recover engine waste heat and produce mechanical or electric power and if coupled with a engine shaft motor, a reduction of the main engine load is possible. Being among the most common types of vessels in the current world fleet, the case in focus in this study is a feeder class container ship which has a typical capacity of 2500 TEU (twenty foot equivalent units) containers and a length of 200 meter. Widely used in this class, and used as the case study here, is the MAN Diesel & Turbo 7L70MC two-stroke low speed diesel engine with seven cylinders each with a bore of 70 cm, and a maximum continuous rating of about 20 MW. Waste heat recovery systems are not yet standard in this class of vessels although solutions are currently available, namely either a steam Rankine plant or alternatively an exhaust gas power turbine. In the literature the most often mentioned alternatives to the steam cycle are the organic Rankine cycle (ORC) and the Kalina cycle. The ORC has been proposed for various applications of WHR including maritime ones for example by MAN Diesel & Turbo [2] as a WHR solution for smaller engines. The Kalina cycle has in the literature [3, 4] been claimed to possess potential to achieve higher conversion efficiencies for WHR in general, compared to both ORC and steam Rankine cycles. Controversy exists however, and modelling efforts [5] have showed that the performance of ORC and Kalina may, at best, may be similar for marine application. For this reason it is the goal of the present study to compare the three mentioned power cycles for the previously mentioned case study. Net power output of the cycles is the main parameter for comparison since it (when using a shaft motor) determines the resulting specific fuel consumption (SFC) and specific NOx emissions of the combined cycle. In addition, important qualitative implications are considered in the comparison of the three different power cycles. Though the concept of the mentioned combined cycle processes has been well described in the open literature e.g. by MAN Diesel & Turbo [2] , modelling efforts for the design and optimisation are not. However, one well described example is Danov and Gupta [6, 7] , who presented a comprehensive mathematical model of a marine turbocharged diesel engine and a single pressure level steam Rankine WHR system including the associated auxiliary components. Validation of the model was presented at varied engine loads and speeds and the resulting fuel consumption was analysed. This paper presents the result from similar modelling efforts with a model of a combined energy system, consisting of a large marine two-stroke low speed diesel engine, a turbocharger and a WHR system. Compared to previous work, this study also includes the estimation of NOx emissions. This study further includes the comparison of three power cycles, a dual pressure steam cycle, a Kalina cycle and an ORC. In addition, the ORC optimisation method is more comprehensive, compared to previous work described in the literature, because it includes a combined optimisation of the process layout and the working fluid. A description of the methodology is provided in section 2. Section 3 presents the results from the modelling efforts and section 4 discusses the results. Finally section 5 compiles the main findings.
Methodology
Although the main engine model was presented in earlier work of the authors [8] , it is briefly outlined in the following for the purpose of consistency. Then, the methodologies used for modelling the WHR power cycles are briefly outlined as to the degree suitable for the present format. Finally in this section, the applied optimisation algorithm is briefly described. All the WHR models have been made using Matlab 2010b in combination with the NIST Refprop fluid property database [9] to provide the thermo-physical properties for the exhaust gas and working fluids. The WHR system turbines were modelled using a polytropic efficiency, in order to be able to evaluate the cycles at a wide range of pressures and to ensure a comparable level of technology for the expanders. Heat exchangers were modelled using energy balances that were divided into a suitable number of equal parts, in terms of heat transferred, in order to check for and avoid pinch point violations. The pumps were modelled using isentropic efficiencies and not polytropic ones in order to reduce computational time. No pressure or heat losses were accounted for in order to simplify the approach. This can be allowed since the analysis is aiming at providing generic results only.
Engine model
Various engine model methodologies are described in the literature, ranging from full 3D fluid dynamic models to black box models. The model described in the following is a zero-dimensional model, a type which has been shown [10] [11] [12] [13] to provide good predictions of engine performance while being fast enough for energy systems optimisation. Previous work of the authors [8] presented the model and the validation of it. The model was validated on the ability to predict the performance of a marine low speed two-stroke engine in two different engine cases. Firstly, it was confirmed that the model could predict measured engine performance while being constrained by an extensive number of input parameters. Secondly, it was shown how the model responded to changes in engine tuning parameters with good accuracy. The validated parameters were those relevant for an electronically controlled engine, i.e. exhaust valve timing and variable injection timing. Also the effects of varying scavenging pressure were validated. In the present study, the model estimates the brake power, waste heat flows, fuel consumption and NOx emissions of the main engine. The evaluation is mainly done by means of an energy balance and a two-zone combustion model which is integrated over a single engine cycle. The combustion process is divided into intervals, and the product composition and the flame temperature are calculated in each interval. A double Wiebe function [14] is used to estimate heat release. Heat losses in the cylinder are estimated using the Woschni correlation [15] . The NOx emissions are predicted using the extended Zeldovich mechanism [16] . The engine model utilises engine parameters from Goldsworthy [17] and the calibration was done as follows, to match measured performance data from the same source:
1. The end of injection timing was adjusted to obtain correct maximum cylinder pressure. 2. To obtain correct brake power output, the time of opening the exhaust valve was adjusted.
3. It was chosen to investigate a case of a mechanically controlled engine and therefore the best compromise for the exhaust valve opening time for both loads 75% and 100% was selected.
Steam Rankine cycle
Steam Rankine cycles are well described in the literature and proven in application. As inspiration for the steam Rankine cycle process layout in this study, was the plant currently proposed by MAN Diesel & Turbo [2] . The process flow diagram is shown in Fig. 1 .
Starting from (1) the working fluid (water) is at a low pressure. Running through an engine jacket water cooler heat exchanger (JWC) and then a charge air cooler heat exchanger (CAC), the water is preheated to the bubble point (3) . The water stream is then split into two streams that run through a low pressure circuit (4) and a high pressure circuit (7) in the boiler. Hot exhaust gasses from the engine are running through the boiler from point (30) to (35). The low pressure stream is evaporated and superheated before entering the steam turbine (ST). The high pressure stream (7) is pumped to a high pressure, preheated, evaporated and superheated before entering the turbine. After the turbine (12), the stream is condensed. 
Fig. 1. Steam Rankine process flow diagram
The turbocharger (TC) is coupled to the process such that the exhaust gas from the engine is entering at (20) into a splitter which allows gas to be bypassed the TC turbine (TCT). The mass flow rate needed for the turbine to drive the compressor is lead through the turbine at point 21 and the rest is bypassed to be mixed with the cooler gas after the turbine. Charge air for the engine is compressed in the TC compressor (TCC) and is rejecting heat to the WHR process via the CAC at points (40) to (42).
Kalina cycle
The literature about the Kalina cycle is not comprehensive and the number of plants is modest at the present time, perhaps because the process was only invented in 1983 by Dr. Kalina [3] and because the technology is patented. The cycle is relatively complex and uses a mixture of ammonia and water as working fluid. Being a mixture, the working fluid evaporates and condensates nonisothermally and this potentially provide the advantage of a better match between non-isothermal heat sources and sinks [3] . The Kalina cycle has been proposed in many different configurations and in the present study, the model is made with a configuration similar to those found in work by Jonsson et al. [18] and Bombarda [5] , which have been found suitable for marine application. Figure 2 illustrates the process flow diagram of the Kalina cycle and the TC. Starting from the feed water pump (FWP), the working fluid (1) is preheated in the JWC and further in a recuperator heat exchanger (REC 2). It then enters the boiler (BOI) where the exhaust gas from the engine (30) rejects heat in order to preheat, evaporate and superheat the working fluid. Power is extracted from the fluid in the turbine (TUR) where after the fluid give off heat in the recuperator (REC 1). The stream (6) is then mixed with another stream (16) before it is condensed. After the condenser, the stream (8) is pumped to an intermediate pressure before it is split into two streams (10) and (11).
Stream (11) is heated via REC 1 and heated again via the CAC. The stream (13) then enters a separator which separates the stream into an ammonia lean liquid stream (14) and an ammonia rich vapour stream (17) . Both of these streams give off heat in REC 2. The rich stream (18) is then mixed with stream (10) before it is condensed again.
As described by Marston [19] , a key component in the cycle is the separator. To obtain maximum power, the stream running through the turbine (4), needs to be as ammonia rich as possible and at the same time the outlet pressure needs to be as low as possible. However, high ammonia concentrations require relatively high condensation pressures. Therefore, the separator supplies a stream of fluid with a relatively low concentration of ammonia (14) , which is mixed with the turbine outlet stream (6) . The separator also has to supply an ammonia rich stream (17) to be mixed with the stream that has been condensed (10), at a sufficient rate in order to restore the stream concentration which again will be running through the turbine. For the separator to be able to deliver these concentrations and flow rates, the main concern is to ensure that the separator feed temperature is high enough and the feed pressure is low enough. The feed pressure is dictated by the need for condensation and thus on the working fluid concentration and cooling water temperature and flow in condenser 2 (CND 2). Most important is the feed temperature which normally depends on the recuperation of energy from the turbine outlet stream. However, at low turbine outlet pressures there might not be enough heat to recuperate; hence there is a motivation for inserting the heat source of the CAC at this point. Alternatively the CAC could be placed to preheat/evaporate the feed stream in points (2) and (3). However, by placing the CAC to heat the separator feed stream and then having a second recuperator (REC 2), it may be possible to recover most of the CAC heat for the feed stream. Another alternative would be to place the CAC as a source for reheating of the fluid after the turbine. However, these options were not explored in the present study due to the scope of the work.
Organic Rankine cycle
The application of ORC plants is relatively new but rapidly rising in popularity. The main reasons for this seems to be the very high conversion efficiencies combined with a relative process simplicity, low cost, scalability and versatility. A key to the above properties of the ORC is the use of alternative working fluids, and thus the selection of optimum working fluid has received a lot of attention in the literature [20] [21] [22] [23] [24] [25] . There seems to be a general consensus in that there may to be no single fluid which can meet the requirements of a safe and optimally efficient working fluid. Usage of organic fluids raises issues with fire hazard, ecological hazards, corrosiveness, lubrication properties and cost. Therefore, the selection of working fluid is about finding the best compromise of properties and it is in that sense difficult to objectively state the optimum choice. Figure 3 illustrates the ORC process flow diagram. Working fluid enters the JWC at high pressure (1) . Then it is heated further in a recuperator (REC) and in the CAC before entering the boiler. After the boiler, the fluid is expanded in a turbine before giving off heat in the recuperator (6) . It is then condensed and pumped back to high pressure.
In the construction of the ORC process model used here, the optimisation algorithm was a strong factor. A total of 109 fluids from the Refprop fluid properties database has been tested using this model, and for that reason the model was made to adapt to the fluid characteristics. Most importantly in this regard is the fluid type; the wet type, which after expansion ends up as a mixture of liquid and gas such as water; the isentropic type, which has an isentropic saturation curve; and the dry type which after expansion is in a superheated state. A superheater is thus theoretically only needed for the wet type fluids. 
Fig. 3. Organic Rankine cycle flow diagram
Dry type fluids most often possess a great amount of heat after expansion and thus a recuperator is greatly beneficial to the overall cycle efficiency, whereas for wet and isentropic fluids, recuperation is most often not possible because the fluid is already at a saturated state. Furthermore, due to the available heat from the jacket water and in many cases heat from recuperation, the heat available from the charge air may not be easily utilised. For these reasons an adaptable model was developed, such that the fluid properties, the different temperature levels and heat available could influence the process layout. The figure shows dashed lines around the CAC and the recuperator (REC) to illustrate that these components are optional for the process. Also the superheater is optional but in order not to prematurely discard any solutions of process and fluid, it was chosen to have the degree of superheating be an optimisation variable. In order to avoid a situation where leakage of highly flammable organic working fluids comes in contact with hot exhaust gasses, an intermediate loop of heat transfer fluid (IHX) is transferring the heat to the boiler. A fluid designed for this purpose is a heat transfer fluid called DOWthermQ from the DOW chemical company and it was modelled as suggested by Pieronbon et al. [26] .
Optimisation
Building on the principles of natural selection, the Genetic Algorithm [27] is an optimisation algorithm which optimises multiple parameters for any given model. The parameters to be optimised are emulated as genes of individuals which are part of a population. The fittest individuals are combined, as in nature, to form subsequent generations of individuals. The algorithm uses a stochastic approach to form the first generation of individuals. In the presented work, the genes were the parameters for the WHR system, i.e. the boiler pressure, and in the case of ORC and Kalina, the fluid and solution concentration, respectively. For the steam plant, the mass flow rate fraction in the high pressure circuit was optimised and for the ORC, the superheater approach was optimised. The turbine outlet pressure was optimised for the Kalina cycle only. Table 1 lists the design and operation parameters used for the WHR process models. The exhaust gas temperature after boiler was limited to 160°C for the prevention of sulphuric acid corrosion on heat exchanger surfaces. Since the TC compressor and TC turbine operates at a limited pressure range and at the same conditions for all simulations, using an isentropic efficiency was assumed adequate. Efficiencies for the TC were calculated from the calibration case (see sec. 2.1.) at loads 75% and 100%. 
Modelling parameters and conditions

Results
First in this section, results from the main engine calibration and tuning are presented. Following, the combined cycle performances are compared. Finally, a qualitative evaluation of other relevant aspects concerning each of the cycles is presented. Table 2 presents the calculated outputs from both the calibration efforts and the engine tuning (designated 'WHR engine'). Calibration data is seen in the parentheses for 75 and 100% load cases, and these were obtained at ISO ambient reference conditions, i.e. 25°C and 1 bar pressure. At 100% load, the model underestimates the power output, while it is overestimated at 75% load. Conversely, the SFC is overestimated at 100% load and underestimated at 75%. The deviations are within 1% accuracy while NOx emissions are predicted with 5-10% accuracy. Except for the jacket water heat, the overall energy balance of the engine seems also to be predicted accurately. In the source [17] of the calibration values, it is not made clear whether lubrication oil heat from the engine is included in the stated amount of heat from the engine. Should that be the case, the calculated results are with an accuracy of 5-10% of the reference values. An effort was made to tune the main engine such that exhaust gas temperature would be suitable for WHR at a design point of 85% MCR. As it was chosen to explore the case of a mechanically controlled engine and therefore the exhaust valve timing was constrained to the value of the standard case. However, the effects of changes in injection timing, scavenging pressure, fuel and air mass flow rates and cylinder wall temperature were investigated. A targeted increase of the exhaust gas temperature of 50 to 65°C was set as is in accordance with what is stated in [2] . The exhaust gas temperature after the TC for the standard tuning 85% load is seen to be 179°C and WHR is assumed to be infeasible in this case. A combination of 10% lower charge pressure, 10% lower inlet air mass flow rate and an increase of 100°C of the averaged cylinder wall temperature, was found to be a fuel effective way to gain an increase of 55°C. It is seen in Table 2 how this tuning also causes reduced jacket water heat and temperature of the charge air.
Engine model
Combined cycle
A comparison of the calculated performance for the combined cycle is shown in Table 3 . The results suggest that the maximum obtainable net power production is highest for the ORC. The steam Rankine produces only about 75% of the power of the ORC and the Kalina process has a similar output. The power specific fuel consumption and NOx emissions are reduced accordingly. The results indicate that by using the ORC WHR system, the SFC can be reduced by 5% while NOx increases slightly due to the generally higher in-cylinder temperature. The overall plant efficiency is 52.0% with the ORC compared to 49.4% without WHR. Table 3 also shows the potential output of a stand-alone power turbine generator (PTG). Being much less complex, the PTG produces a little more than half of the power produced by the Kalina cycle. Table 4 presents the optimised parameters of each of the cycles. It is clear that the boiler pressure required to reach optimum power output is relatively high for the Kalina cycle compared to the others and this may influence the overall cost and safety precautions of the plant negatively. It is notable that even though the ORC process optimisation algorithm was allowed to search for optimum also in the supercritical state domain, the optimum was found with a fluid just below the supercritical pressure. The optimal process layout of the ORC using R245ca as working fluid is having almost no superheating and thus this heat exchanger is not needed. R245ca is a HFC refrigerant fluid also known as penta-fluro-propane. Figure 4 illustrates the optimum boiler heat transfer characteristics for comparison. The working fluid temperatures entering the boiler are similar for steam and ORC processes while about 40 degrees lower for the Kalina process. This indicates that the Kalina cycle utilises the jacket water and charge air heat less efficiently. The ORC process uses the jacket water, recuperator and then charge air cooler heat to preheat the working fluid to 140°C, just as high as the steam cycle. Note that for the ORC process the heat source is the heat transfer fluid (abbreviated DOW).
Fig. 4. Boiler heat transfer diagram for the three power cycle alternatives
It was further investigated to use a non-flammable working fluid in the ORC and thus be able to simplify the process and remove the intermediate heat transfer circuit. The optimum net power obtainable for such a system was found to be 1060 kW and in the combined cycle 18.00 MW, with R236ea working fluid at the supercritical pressure of 68.3 bar. This is quite close to the optimum power of 18.10 MW found using R245ca in the ORC in table 4. R236ea has a global warming potential of 1200 (CO 2 -equivalent 100 years horizon) compared to 560 for the R245ca fluid [28] , and thus represents an increase in environmental impact.
Qualitative comparison
Other aspects are drawn into the comparison of the three power cycles for a more complete analysis. In Table 5 each of the plant options are given a minus, zero or a plus to indicate a relative qualitative disadvantage, a neutral evaluation or an advantage, respectively. 
Discussion
With the applied methodology it seems possible to quantify the performance improvement of utilising either of the three power cycles as WHR for marine applications. The accuracy of the results does however rely on the reliability of the thermodynamic equations of state, residing in the Refprop database. Refprop have been used for the modelling of various kinds of systems and has been validated throughout the literature, one example is Colonna et al. [29] . Furthermore to the accuracy of the results; since the models in this study were made without any pressure and heat losses, the results should be interpreted as ideal, and thus smaller net power outputs can be realized in an actual plant.
While the investigations in this study were made for a single main engine load point, the decisions regarding WHR plant process layout and working fluid may rely on a range of load points. A combined optimisation of the main engine with TC and WHR versus a typical voyage load profile is therefore desired and subject for future work. According to a MAN Diesel & Turbo report [2] , the steam WHR system may produce about 10% extra power where in the present study an increase of only 5% was found. The combined cycle efficiency in the report is stated to be 55% where in the present study 52% efficiency was achieved.
The following reasons could be contributing to this discrepancy: Firstly, in the MAN Diesel & Turbo report the WHR system includes both a Rankine cycle and a power turbine. Secondly, the fuel consumption in the present study was increased by 2.7 g/kWh while in the mentioned report this number is 10 g/kWh. This indicates that the tuning involves a richer air fuel mixture in the main engine, compared to the tuning done in the present work. Consequently, the additional fuel input would increase the exhaust gas temperatures and mass flow rates and cause a significantly higher WHR system power output. In the previously mentioned report, the exhaust gas temperature entering the WHR system is 285°C compared to the 234°C shown in Table 2 . Lastly, a contribution may be that the WHR turbine efficiency of 80% used in the present work was assumed too low, and thus the respective power outputs may have been underestimated.
Conclusions
With the use of a previously derived marine two-stroke low speed diesel engine model, a simple turbocharger model and models of steam Rankine, Kalina and ORC WHR systems, the performance of the combined cycle was investigated. The engine model was tuned to produce a higher exhaust gas temperature for WHR system application. It was found that the tuning caused an increase in main engine fuel consumption, but the combined cycle fuel consumption was shown to be lower. The results indicated that the ORC contributed with about 7% additional power and the Steam Rankine and Kalina cycles contributed with about 5% additional power. The application of a power turbine generator was found to be able to produce 2.5% additional power. In the best case, the specific fuel consumption was reduced from 170.6 to 162.2 g/kWh with the ORC WHR system though with increased NOx emissions in exchange, due to the engine tuning. When looking at other aspects than the mentioned, the Kalina cycle did not seem to offer any advantages. Instead, a number of drawbacks can be attributed, namely that the cycle is a relatively complex, unproven process utilising a toxic working fluid. The ORC plant offers the simplest plant layout with the highest efficiency. Drawbacks for the ORC are mainly related to the working fluid which is hazardous and environmentally damaging and perhaps it may also be a drawback that it is a relatively untested process in marine applications.
